S
ince their introduction to clinical practice more than 3 decades ago, bisphosphonates have been increasingly used for an array of skeletal disorders. Bisphosphonates are now used to treat such varied conditions as heritable skeletal disorders in children, postmenopausal and glucocorticoid-induced osteoporosis (GIO), and bone metastases in patients with malignancies. Bisphosphonates can offer substantial clinical benefit in conditions in which an imbalance between osteoblast-mediated bone formation and osteoclast-mediated bone resorption underlies disease pathology; however, the more recently recognized association of bisphosphonate use with pathologic conditions, including low bone turnover states with resultant pathologic fractures, osteonecrosis of the jaw (ONJ), and an increased incidence of atrial fibrillation, has brought increased scrutiny to the current broad use of bisphosphonate therapy.
PubMed literature from January 1, 1998, to May 1, 2008 , was reviewed using bisphosphonate and clinical practice as search terms. Additional articles not obtained in the primary search were identified by assessment of literature referenced in the reviewed articles. We present data on the development of bisphosphonates as therapeutic agents, the proposed mechanisms by which these agents exert their effects, and the current roles for bisphosphonate therapy in clinical practice. Additionally, we address some areas of concern for clinicians and draw attention to some currently unresolved issues associated with bisphosphonate use.
CHEMICAL STRUCTURE AS BASIS FOR CLINICAL ACTIVITY
Structurally, bisphosphonates are chemically stable derivatives of inorganic pyrophosphate (PPi), a naturally occurring compound in which 2 phosphate groups are linked by esterification ( Figure 1 , A). Within humans, PPi is released as a by-product of many of the body's synthetic reactions; thus, it can be readily detected in many tissues, including blood and urine. 1 Pioneering studies from the 1960s demonstrated that PPi was capable of inhibiting calcification by binding to hydroxyapatite crystals, leading to the hypothesis that regulation of PPi levels could be the mechanism by which bone mineralization is regulated. 2 Like their natural analogue PPi, bisphosphonates have a very high affinity for bone mineral because they bind to hydroxyapatite crystals. Accordingly, bisphosphonate skeletal retention depends on availability of hydroxyapatite binding sites. Bisphosphonates are preferentially incorporated into sites of active bone remodeling, as commonly occurs in conditions characterized by accelerated skeletal turnover. Bisphosphonate not retained in the skeleton is rapidly cleared from the circulation by renal excretion. In addition to their ability to inhibit calcification, bisphosphonates inhibit hydroxyapatite breakdown, thereby effectively suppressing bone resorption. 3 This fundamental property of bisphosphonates has led to their utility as clinical agents. More recently, it has been suggested that bisphosphonates also function to limit both osteoblast and osteocyte apoptosis. 4, 5 The relative importance of this function for bisphosphonate activity is currently unclear.
MECHANISM OF ACTION AND ROLE OF BISPHOSPHONATES
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Modification of the chemical structure of bisphosphonates has widened the differences between the effective bisphosphonate concentrations needed for antiresorptive activity relative to those that inhibit bone matrix mineralization, making the circulating concentrations of all bisphosphonates currently used in clinical practice active essentially only for the inhibition of skeletal resorption. 1 As shown in Figure 1 , A, the core structure of bisphosphonates differs only slightly from PPi in that bisphosphonates contain a central nonhydrolyzable carbon; the phosphate groups flanking this central carbon are maintained. As detailed in Figure 1 , B, and distinct from PPi, nearly all bisphosphonates in current clinical use also have a hydroxyl group attached to the central carbon (termed the R 1 position). The flanking phosphate groups provide bisphosphonates with a strong affinity for hydroxyapatite crystals in bone (and are also seen in PPi), whereas the hydroxyl motif further increases a bisphosphonate's ability to bind calcium. Collectively, the phosphate and hydroxyl groups create a tertiary rather than a binary interaction between the bisphosphonate and the bone matrix, giving bisphosphonates their remarkable specificity for bone. 1 Although the phosphate and hydroxyl groups are essential for bisphosphonate affinity for bone matrix, the final structural moiety (in the R 2 position) bound to the central carbon is the primary determinant of a bisphosphonate's potency for inhibition of bone resorption. The presence of a nitrogen or amino group increases the bisphosphonate's antiresorptive potency by 10 to 10,000 relative to early non-nitrogen-containing bisphosphonates, such as etidronate. 1, 6 Recent studies (described subsequently) delineate the molecular mechanism by which nitrogen-containing bisphosphonates inhibit osteoclast activity.
A critical pharmacological feature of all bisphosphonates is their extremely high affinity for, and consequent deposition into, bone relative to other tissues. This high affinity for bone mineral allows bisphosphonates to achieve a high local concentration throughout the entire skeleton. Accordingly, bisphosphonates have become the primary therapy for skeletal disorders characterized by excessive or imbalanced skeletal remodeling, in which osteoclast and osteoblast activities are not tightly coupled, leading to excessive osteoclast-mediated bone resorption.
Early non-nitrogen-containing bisphosphonates (etidronate, clodronate, and tiludronate) (Figure 1, B) are considered first-generation bisphosphonates. Because of their close structural similarity to PPi, non-nitrogen-containing bisphosphonates become incorporated into molecules of newly formed adenosine triphosphate (ATP) by the class II aminoacyl-transfer RNA synthetases after osteoclast-mediated uptake from the bone mineral surface.
1 Intracellular accumulation of these nonhydrolyzable ATP analogues is believed to be cytotoxic to osteoclasts because they inhibit multiple ATP-dependent cellular processes, leading to osteoclast apoptosis. (Figure 1, C) . The mechanism by which nitrogen-containing bisphosphonates promote osteoclast apoptosis is distinct from that of the non-nitrogencontaining bisphosphonates. As elegantly illustrated in recent studies, nitrogen-containing bisphosphonates bind to and inhibit the activity of farnesyl pyrophosphate synthase, a key regulatory enzyme in the mevalonic acid pathway critical to the production of cholesterol, other sterols, and isoprenoid lipids 6, 7 (Figure 2 , A). As such, the posttranslational modification (isoprenylation) of proteins (including the small guanosine triphosphate-binding proteins Rab, Rac, and Rho, which play central roles in the regulation of core osteoclast cellular activities including stress fiber assembly, membrane ruffling, and survival) is inhibited, 8 ultimately leading to osteoclast apoptosis. 9 Interestingly, whereas farnesyl pyrophosphate synthase is ubiquitously expressed in mammalian cells and has a critical role in lipid production, cellular apoptosis induced by nitrogen-containing bisphosphonates appears to occur only in osteoclasts. This is likely a direct function of the ability of bisphosphonates to selectively adhere to and be retained within bone before endocytosis within osteoclasts during osteoclast-mediated bone mineral dissolution and matrix digestion (Figure 2, B) . Given the fact that nearly all patients now receive treatment with the more potent nitrogen-containing bisphosphonates rather than the earlier non-nitrogen-containing bisphosphonates, the remainder of this review focuses on this more recent class of bisphosphonates.
ADDITIONAL CLINICAL FEATURES
Although bisphosphonate-mediated induction of osteoclast apoptosis cannot be measured directly within the clinical setting, a temporal reduction in biochemical markers of bone resorption (namely amino-and carboxyl-terminal breakdown products of type 1 collagen in serum and urine) after bisphosphonate initiation is considered a reasonably reliable surrogate of bisphosphonate efficacy and potency. Maximum suppression of bone resorption occurs within approximately 3 months of initiation of oral bisphosphonate therapy given daily, weekly, or monthly and remains roughly constant with continuation of treatment. [10] [11] [12] Resorption is suppressed more rapidly after intravenous (IV) bisphosphonate administration than after oral bisphosphonate therapy.
As might be anticipated, length of suppression is largely a function of bisphosphonate potency for mineral matrix binding, such that the most potent bisphosphonate, zoledronic acid, at a dose of either 4 mg 13 
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A critical feature governing the clinical pharmacology of bisphosphonates is their bioavailability. As a class, bisphosphonates are very hydrophilic. Accordingly, they are poorly absorbed from the gastrointestinal tract after oral administration (generally with absorption of <1% for an oral dose), instead undergoing paracellular transport because they are not lipophilic. 16 Further, only about 50% of the absorbed drug is selectively retained in the skeleton, whereas the remainder is eliminated in the urine without being metabolized. Skeletal uptake and retention are primarily dependent on host factors (renal function, prevalent rate of bone turnover, and binding site availability) and bisphosphonate potency for bone matrix. 12 The amount of bisphosphonate retained after either oral or IV administration varies widely both between patients and across clinical conditions and is primarily believed to reflect variations in bone turnover. 12 A previous impediment for many patients prescribed oral bisphosphonate therapy was the inconvenience associated with daily oral administration (requiring patients to remain upright for 30 minutes and refrain from eating any food both 2 hours before and at least 30 minutes after pill ingestion) and the relatively common association with gastrointestinal symptoms. The more recent development of pharmacologically equivalent preparations allowing for once-weekly (alendronate or risedronate) or even monthly (ibandronate or risedronate) oral administration has profoundly affected bisphosphonate delivery for most patients for whom convenience (and thus adherence to therapy) was an issue and has correspondingly lead to higher rates of adherence. 17, 18 Further, the availability of IV preparations (pamidronate, ibandronate, and zoledronic acid), which for most clinical conditions require even less frequent dosing, has eliminated the gastrointestinal adverse effects incurred by some patients managed with oral bisphosphonates, although the rate of acute phase reactions characterized by flulike symptoms (low-grade fever, myalgias and arthralgias, or headache) is increased in patients receiving IV rather than oral bisphosphonate treatment. 14 
ROLE IN CLINICAL PRACTICE
As aforementioned, bisphosphonates promote the apoptosis of osteoclasts actively engaged in the degradation of mineral on the bone surface. Accordingly, bisphosphonates have become the primary therapy for managing skeletal conditions characterized by increased osteoclast-mediated bone resorption. Such excessive resorption underlies several pathologic conditions for which bisphosphonates are now commonly used, including multiple forms of osteoporosis (juvenile, postmenopausal or involutional [senile], glucocorticoid-induced, transplant-induced, immobility-induced, and androgen-deprivation-related), Paget disease of bone, osteogenesis imperfecta (OI), hypercalcemia, and malignancy metastatic to bone.
Although each of the nitrogen-containing bisphosphonates is more potent than the non-nitrogen-containing bisphosphonates, their ability to suppress osteoclast activity (as measured by biochemical markers of bone turnover) varies. However, whether superior suppression of bone turnover is relevant for fracture prevention remains to be determined. Indeed, data suggest that adherence to longterm bisphosphonate therapy, rather than the specific bisphosphonate used, is the most important factor in determining the effectiveness of treatment for limiting fracture risk. 19, 20 Accordingly, studies examining bisphosphonate therapy adherence suggest that, by addressing patient concerns of medication safety and timing, clinicians can significantly improve adherence. 21 Whether weekly or monthly oral bisphosphonate dosing leads to higher rates of adherence to therapy is currently unknown.
OSTEOPOROSIS
The most common clinical condition for which bisphosphonate therapy is used is osteoporosis, a skeletal condition characterized by compromised bone strength resulting in an increased risk of fracture. As previously noted, osteoporosis is a clinically heterogeneous disease with a range of origins, including hormone loss (postmenopausal and androgen-deprivation), iatrogenic (glucocorticoid-induced and transplant-related), physical (immobility), and genetic (eg, juvenile and OI-associated). Often these conditions overlap within individual patients.
Postmenopausal osteoporosis is characterized by an imbalance between osteoclast-mediated bone resorption and osteoblast-mediated bone formation such that bone resorption is increased. This relative imbalance leads to diminution of skeletal mass, deterioration of bone microarchitecture, and increased fracture risk. During the past 2 decades, bisphosphonate therapy has become the leading clinical intervention for postmenopausal osteoporosis because of the ability of bisphosphonates to selectively suppress osteoclast activity and thereby retard bone resorption. The fracture reduction and concomitant increases in bone density generally seen with bisphosphonate use are believed to result from a decline in the activation frequency of new remodeling units formed by osteoclasts, with relative preservation (at least initially) of osteoblast activity. As such, the initial stabilization and retention of trabecular connectivity allow the duration of secondary mineral deposition on the structural scaffold to be prolonged, thereby increasing the percentage of bone structural units that reach a maximum degree of mineralization. 22 This increase in the mean degree of skeletal mineralization underlies both improvements in bone density and reductions in fracture risk after bisphosphonate therapy.
Importantly, this role for bisphosphonates was indirectly buttressed by the early termination of the estrogen and progesterone arm of the Women's Health Initiative (WHI), because of concern about increased rates of coronary artery disease and breast cancer among women receiving hormonal therapy. For most practitioners and patients, the WHI results effectively limited the practice of treating postmenopausal osteoporosis with hormone replacement therapy, despite the strong evidence provided in the WHI and previous studies that estrogen is highly effective in preventing fractures. 23 Among the oral bisphosphonates, both alendronate and risedronate have been conclusively demonstrated to reduce the number of vertebral [24] [25] [26] and hip fractures, 24, 27 progression of vertebral deformities, and height loss in postmenopausal women with osteoporosis. 28 Ibandronate, developed more recently and available in both oral and IV preparations, has been demonstrated to reduce only the risk of vertebral fracture, 29, 30 although the sample size estimates used did not allow sufficient power to detect an effect on nonvertebral or hip fractures. The relative fracture risk reduction in vertebral, hip, and nonvertebral sites in postmenopausal women with known osteoporosis after 3 years of bisphosphonate treatment is compared in the Table. Reductions in fracture incidence occur before demonstrable changes (measured by dual-energy x-ray absorptiometry [DXA]) in bone mineral density (BMD), suggesting that stabilization of existing skeletal microarchitecture or decreased bone turnover is sufficient for fracture risk reduction. 31 Daily alendronate use at doses of 10 mg for up to 10 years was well tolerated and was not associated with adverse skeletal outcomes. 32 Whereas nearly all osteoporosis trials in which bisphosphonate therapy has been used involved postmenopausal women, general trials that have examined men with a diagnosis of either low bone mass or osteoporosis have demonstrated similar responses to bisphosphonate therapy. [33] [34] [35] In the Fracture Intervention Trial Long-term Extension, postmenopausal women with low femoral neck BMD (but not necessarily with DXA-defined osteoporosis) were treated with daily alendronate for 5 years and then randomized to receive either alendronate or placebo for an additional 5 years. Women who discontinued alendronate therapy had statistically significant, although clinically relatively small, declines in BMD and associated increases in biochemical markers of bone turnover compared with women who continued therapy. 36 Importantly, no significant differences were found for either nonvertebral fractures or all clinical fractures; however, there was a slightly higher (and statistically significant) risk of clinical vertebral fractures in the placebo group (absolute risk, 2.9%), but this was not a primary or secondary study end point. Formal studies of alendronate cessation with more statistical power for fracture assessment after discontinuation as a primary end point or of other bisphosphonates have not yet established that, for at least some patients with postmenopausal osteoporosis, a drug holiday could be reasonable after a period of bisphosphonate therapy.
Initial studies used daily bisphosphonate dosing; more recent studies have focused on weekly (alendronate and risedronate) or monthly (ibandronate, and more recently risedronate 37 ) dosing, regimens believed to have pharmacodynamic equivalence to daily dosing of each drug. However, all studies to date using intermittent weekly or monthly oral bisphosphonate therapy have relied on surrogate markers, such as biochemical markers of bone resorption or changes in BMD measured by DXA, rather than primary fracture outcomes, for determination of efficacy. In contrast, the BONE trial, in which oral ibandronate was administered every other day for 12 doses every 3 months, did reduce vertebral fractures with intermittent dosing, 30 although this dosing regimen is not approved by the FDA for treatment of postmenopausal osteoporosis. Nonetheless, intermittent weekly or monthly therapy is believed to be biologically equivalent for fracture prevention and has become the standard of care.
More recently, both ibandronate and zoledronic acid have been approved for IV administration to treat postmenopausal osteoporosis. Whereas ibandronate is approved for quarterly administration, zoledronic acid is approved for once-yearly administration. During the 3-year Health Outcomes and Reduced Incidence with Zoledronic Acid Once Yearly (HORIZON) study period, annual IV administration of zoledronic acid led to significant decreases in vertebral (70% reduction), hip (41% reduction), and nonvertebral (25% reduction) fractures, with significant increases in BMD at the lumbar spine, hip, and femoral neck. 14 In addition, administration of IV zoledronic acid within 90 days of surgical hip fracture repair and yearly thereafter was recently shown to reduce the incidence of any new clinical fracture by 35% and was associated with a 28% reduction in mortality. 38 Further, in patients who have been treated with weekly alendronate for at least 1 year, switching to yearly zoledronic acid was not inferior to alendronate continuation, but yearly administration was preferred by patients. 39 Whether IV preparations will become preferred bisphosphonate formulations for management of postmenopausal osteoporosis or after hip fracture is unknown. Nonetheless, it is clear that IV bisphosphonate delivery is particularly useful if adherence or gastrointestinal tolerance is a barrier to oral therapy or if patients prefer the relative convenience of IV bisphosphonate therapy.
Finally, several studies have focused on optimal timing of bisphosphonate therapy for management of osteoporosis in conjunction with other pharmacological agents with skeletal activity. Although combining a bisphosphonate with either estrogen or the selective estrogen-receptor modulator raloxifene leads to a slightly greater increase in BMD than treatment with a bisphosphonate alone, no good clinical trial data on fracture rates support routine use of these combinations. 40, 41 Other studies have evaluated patients receiving either recombinant full-length 1-84 human parathyroid hormone (PTH) or the PTH fragment 1-34 (teriparatide). [42] [43] [44] In general, prior bisphosphonate treatment appears to blunt the PTH-induced anabolic skeletal response, as does concomitant treatment using bisphosphonate and either PTH or teriparatide. 45, 46 The most robust skeletal anabolic effects are seen in patients who receive initial PTH treatment and are subsequently maintained with bisphosphonate therapy.
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GLUCOCORTICOID-INDUCED AND TRANSPLANT-ASSOCIATED OSTEOPOROSIS Whereas bisphosphonates have become the primary therapeutic choice for treatment of postmenopausal osteoporosis, few recognize that glucocorticoid therapy leads to bone loss. A recent study found that most patients receiving long-term glucocorticoid therapy received neither regular BMD assessment nor a prescription for any medication for osteoporosis management. 49 Numerous clinical trials have now determined that bisphosphonates are highly effective at limiting bone losses in patients receiving glucocorticoids or transplants. Recent work has shown that, in patients receiving a daily dose of at least 7.5 mg of prednisone, alendronate prevented bone loss more effectively than did the vitamin D 3 analogue alfacalcidol. 50 Further, in glucocorticoid-treated patients at high risk of fracture, including those with a history of fractures, those with rheumatoid arthritis, or those receiving high doses of glucocorticoid, bisphosphonate therapy is cost-effective. 51 Accordingly, risedronate has been approved in the United States for both prevention and treatment of GIO and alendronate for the treatment of GIO. Both are more effective when calcium intake and vitamin D intake are adequate. As well, IV treatment with either pamidronate or ibandronate has been shown to limit skeletal loss from glucocorticoid therapy, 52, 53 although neither is yet approved for this indication. Notably, multiple studies have documented that both oral and IV bisphosphonate therapy are capable of limiting the bone loss that frequently occurs with either solid organ [54] [55] [56] [57] [58] or bone marrow transplant. [59] [60] [61] [62] Finally, a recent study showed that patients with GIO treated with teriparatide had a greater increase in lumbar spine BMD and fewer new vertebral fractures than did patients who received daily alendronate during the course of 18 months. 63 Whether teriparatide should supplant bisphosphonate therapy as the treatment of choice for patients with established osteoporosis who are receiving long-term glucocorticoid therapy remains unknown.
IMMOBILITY-INDUCED OSTEOPOROSIS AND OTHER CAUSES OF ACUTE BONE LOSS
Immobilized patients, such as those with a recent spinal cord injury or cerebrovascular event, undergo rapid loss of bone, leading to a substantially increased risk of fracture, hypercalcemia, and frequently nephrolithiasis. Both oral (alendronate) 64 and IV (pamidronate) 65 bisphosphonate therapy have been shown to attenuate this bone loss and reduce biochemical markers of bone resorption. However, the number of clinical trials conducted using both these drugs remains small. Thus, fracture incidence, rates of nephrolithiasis, and long-term safety remain to be determined.
Unlike the generalized bone loss that occurs after immobilization, acute localized periprosthetic bone loss with associated implant loosening is a frequent complication in patients who undergo cementless total hip arthroplasty. Both alendronate 66 and risedronate 67 attenuate this acute periprosthetic bone loss of the proximal femur, although the long-term effect of bisphosphonate treatment on maintenance of implant integrity has not yet been reported.
PAGET DISEASE OF BONE
Whereas postmenopausal osteoporosis is characterized by generalized bone loss from increased osteoclast activity, Paget disease of bone involves 1 or more areas of disordered bone remodeling, in which accelerated osteoclastmediated bone resorption is followed by imperfect osteoblast-mediated bone deposition. 68 The resulting mix of ) and IV (pamidronate 71 and the recently approved zoledronic acid 72 ) bisphosphonates are all FDA-approved for the treatment of Paget disease of bone and have largely replaced earlier FDA-approved therapies (non-nitrogen-containing bisphosphonates and calcitonin) because their ability to suppress osteoclast activity is superior.
BISPHOSPHONATES IN MALIGNANCY
Many cancers are osteotropic and either metastasize to the skeleton (including but not limited to primary malignancies of the breast, prostate, lung, or kidney) or grow primarily within the bone marrow (multiple myeloma), where this growth frequently leads to hypercalcemia, severe bone pain, skeletal destruction, and pathologic fractures. Indeed, the skeleton is the most common site of metastatic disease, and 90% or more of patients with advanced cancer develop skeletal lesions.
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Breast Cancer. For patients with breast cancer metastatic to bone, treatment with IV preparations of pamidronate, [74] [75] [76] zoledronic acid, 77, 78 and ibandronate 79 has been shown to substantially relieve skeletal pain and reduce skeletal complications. Of the oral nitrogen-containing bisphosphonates, only ibandronate (given in a daily dosage of 50 mg) has been effective in reducing bone pain and limiting skeletal complications of breast cancer. 80, 81 Whether bisphosphonate use has an adjunct role in the treatment of women with breast cancer but no evidence of skeletal metastases is currently unknown but is suggested by the provocative finding that women with clinically limited operable breast cancer who received clodronate for 2 years had statistically significant reductions in development of bone metastases while receiving bisphosphonate therapy, as well as reductions in overall mortality when they were followed up for 6 years. 82 Although bisphosphonate therapy for women receiving hormonal treatment of breast cancer has received less attention, the important role of limiting bone turnover to maintain skeletal integrity (particularly among premenopausal women in whom pharmacological estrogen deficiency has been introduced) has been more recently appreciated. 83 Optimal bisphosphonate management strategies corresponding to numerous available pharmacological ovarian ablation regimens remain to be determined, although zoledronic acid (4 mg IV given every 6 months) 84 has recently been demonstrated to prevent bone loss in premenopausal women receiving endocrine-based therapy for hormone-sensitive breast cancer. Likewise, in postmenopausal women with early hormone-dependent breast cancer, weekly oral risedronate was recently shown to prevent bone loss in those receiving aromatase inhibitor therapy.
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Prostate Cancer. Breast cancer is characterized by osteolytic lesions, but skeletal metastases from prostate cancer have been described as osteoblastic. The role of increased bone resorption in metastatic prostate cancer has recently been recognized. 86 Among the bisphosphonates, only zoledronic acid has been demonstrated to reduce skeletal bone-related events in men with hormone-refractory prostate cancer, 87, 88 with an absolute risk reduction of 11% at 2 years compared with placebo.
As with women who undergo chemical hormonal ablation, men with hormone-responsive prostate cancer who receive androgen-deprivation therapy can benefit from judicious bisphosphonate use. Whereas IV pamidronate therapy prevented bone loss at both the hip and the spine in men with nonmetastatic prostate cancer who received gonadotropin-releasing hormone agonist therapy, 89 a single annual dose of IV zoledronic acid was recently demonstrated to lead to increases in both spine and hip BMD (rather than the declines seen in patients who received placebo). These results demonstrate that annual IV bisphosphonate treatment can be a useful adjunct to maintain skeletal integrity in androgen-deprived men 90 and are similar to results obtained with a more frequent dosing schedule. 91 Oral risedronate at a daily dosage of 2.5 mg has also recently been shown to prevent BMD loss at the hip and been associated with a 4.9% increase at the lumbar spine.
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Multiple Myeloma. In multiple myeloma, clonal proliferation of malignant plasma cells within the bone marrow cavity results in osteolysis and skeletal destruction, accounting for much of the morbidity associated with the disease. Multiple studies have shown that both pamidronate and zoledronic acid have an important palliative role in reducing the incidence of hypercalcemia and skeletal bonerelated events associated with myeloma, [93] [94] [95] putting IV bisphosphonates at the center of current therapies to prevent and treat myeloma-associated bone disease. At present, no data support bisphosphonate therapy for patients with smoldering myeloma, myeloma without associated bone disease, or monoclonal gammopathy of undetermined significance, nor is oral bisphosphonate therapy recommended for management of myeloma-associated skeletal disease.
Given that patients with multiple myeloma have the highest incidence of ONJ among all oncology patients receiving bisphosphonate therapy, the choice of bisphosphonate, dosage, and duration of therapy have been 97 on the basis of a comprehensive review of the evolving literature. In the Mayo consensus statement, monthly infusion of pamidronate (because of a perceived higher risk of ONJ in patients receiving zoledronic acid) was favored, with discontinuation after 2 years if patients achieve remission and require no further myeloma treatment. If active treatment is still required, pamidronate can be continued at a reduced schedule of every 3 months. Although the International Myeloma Working Group generally agreed with the Mayo consensus statement, the group suggested that pamidronate therapy could be discontinued after a patient is in 1 year of clinical remission and that a reduced dosing schedule was not indicated. 98 Thus, although bisphosphonates remain an important aspect of the pharmacological approach to myeloma bone disease, questions regarding their optimal use remain.
Other Malignancies. Use of bisphosphonates in other malignancies less frequently metastatic to bone, such as renal cell carcinoma, has been demonstrated to delay the onset and progression of skeletal disease, 99 suggesting that patients with clinical conditions less commonly believed to affect the skeleton can also benefit from bisphosphonate therapy. At present, however, limited data support routine use of bisphosphonate therapy for other malignancies.
BISPHOSPHONATE THERAPY FOR CHILDREN
Although bisphosphonates have been used most extensively in adults, during the past decade they have become the mainstay of therapy for OI, a heritable skeletal disorder characterized by substantially diminished bone mass and severe fragility, usually resulting from mutations in the genes for type I collagen. A regimen developed by Glorieux 100 of cyclic IV pamidronate (given in 3-day cycles every 2 to 4 months at an annual dose of 9 mg/kg) has been used most successfully, leading to an 88% increase in cortical thickness, a 46% increase in trabecular bone volume, 101 and substantial improvement in functional status. More recently, several studies have demonstrated that oral alendronate can also lead to substantial increases in BMD and can limit fractures in OI affecting children. [102] [103] [104] Although the precise mechanism by which bisphosphonates limit fractures in OI is unknown, histomorphometric analyses of bone biopsy specimens from patients with OI demonstrate increased rates of bone turnover resulting from increased osteoclast relative to osteoblast activity, leading to an overall loss of bone with each remodeling cycle. 105 By specifically inhibiting osteoclast-mediated bone resorption, bisphosphonates presumptively allow bone-forming osteoblasts more time to promote bone formation, albeit in the setting of abnormal collagen matrix. Indeed, histomorphometric analyses of iliac crest biopsy specimens from patients with OI who had received pamidronate therapy demonstrated increased cortical thickness and number of trabeculae but no increase in trabecular thickness. 101, 106 Although bisphosphonate treatment is well established for OI in children, data are limited on efficacy and on risk of harm when bisphosphonates are used in children with osteoporosis secondary to chronic illness (such as cystic fibrosis, juvenile rheumatoid arthritis, or anorexia nervosa) or in those who have had serious burns. A recent systematic review of bisphosphonate therapy for children and adolescents with secondary osteoporosis concluded that too little evidence is available to support bisphosphonates as standard therapy, although treatment for periods of 3 years or less appears to be well tolerated. 107 Well-constructed studies are required to develop clear guidelines to diagnose and treat all forms of osteoporosis in children. 108 Finally, given the long skeletal half-life of bisphosphonates and evidence that pamidronate can be found in urine specimens up to 8 years after administration, 109 care is warranted when considering bisphosphonate treatment for either adolescent or young girls who will reach reproductive maturity within a decade of treatment. At present, only limited, anecdotal data have assessed the safety of longterm pamidronate 110 or other bisphosphonate treatment during fetal development.
CLINICAL CONCERNS ASSOCIATED WITH BISPHOSPHONATE THERAPY
OSTEONECROSIS OF THE JAW Among potential adverse clinical events associated with the use of bisphosphonates, none has received greater attention than ONJ. As reviewed by Woo et al, 111 nearly all ONJ cases (94%) have been described in patients receiving high doses of IV bisphosphonates (primarily zoledronic acid and pamidronate) for oncologic conditions. Prevalence in patients with myeloma ranged from 7% to 10%, whereas up to 4% of patients with breast cancer developed ONJ. 111, 112 More recently, however, a reduced dosing schedule in patients with myeloma, in which IV bisphosphonate was given monthly for 1 year and then every 3 months thereafter, was shown to decrease the incidence of ONJ compared with monthly bisphosphonate infusions. 113 Whereas the incidence of ONJ is estimated to be 1 to 10 per 100 oncology patients, the risk of ONJ appears to be substantially lower among patients receiving oral bisphosphonate therapy for osteoporosis, with an estimated incidence of approximately 1 in 10,000 to 1 in 100,000 patient treatment years, although this estimate is based on incomplete data. 114 Associated risk factors appear to be poor oral hygiene, a history of dental procedures or denture use, and prolonged exposure to high IV bisphosphonate doses. 115, 116 Whether concomitant chemotherapy or glucocorticoid use leads to an increased risk of ONJ is unknown. 117 Once established, care for ONJ is largely supportive, with antiseptic oral rinses, antibiotics, and limited surgical debridement as necessary leading to healing in most cases. 118 Although evidence-based guidelines at this time have not been established for any single malignancy or bisphosphonate, careful attention to dental hygiene including an oral cavity examination for active or anticipated dental issues, both before bisphosphonate initiation and throughout treatment, is likely to be paramount.
Although use of bisphosphonates and development of ONJ have been temporally associated, a causal relationship has not been identified. Thus, despite the burgeoning scientific literature that has developed since the association between bisphosphonate therapy and ONJ was first reported in 2003, 119 many fundamental questions remain unanswered. As a first step in this process, a task force convened by the American Society for Bone and Mineral Research recently provided a standardized definition of ONJ as the presence of exposed bone in the maxillofacial region that does not heal within 8 weeks after identification by a health care professional. 114 Given the current paucity of information on the true incidence, risk factors, and clinical approach to both prevention and treatment, preclinical basic and animal studies, as well as welldesigned clinical trials, are necessary to both identify patients at increased risk of development of ONJ and more fully understand the association between bisphosphonate therapy and ONJ.
ATRIAL FIBRILLATION
In addition to the concern for ONJ, another concern with bisphosphonate therapy, which has recently come to light, is atrial fibrillation. In the HORIZON Pivotal Fracture Trial, in which patients were treated annually with IV zoledronic acid, a statistically significant increase in the incidence of serious atrial fibrillation (defined as events resulting in hospitalization or disability or judged to be life-threatening) was noted.
14 The etiology of this electrophysiologic abnormality is unknown. Whether other bisphosphonate preparations are associated with increased rates of atrial fibrillation is currently unknown, but recent post hoc analysis of data from the pivotal Fracture Intervention Trials 120 and from a large population-based casecontrol study 121 suggest a correlation between alendronate administration and a slightly increased incidence of atrial fibrillation, although a larger population-based case-control study showed no evidence of an increased risk of atrial fibrillation or flutter with alendronate use. 122 To date, concerns for atrial fibrillation do not appear to extend to patients receiving risedronate, 123 nor was an increased rate of atrial fibrillation seen in the HORIZON Recurrent Fracture Trial, in which patients received IV zoledronic acid after a hip fracture. 38 Clearly, more studies examining the potential relationship between bisphosphonate use and atrial fibrillation are warranted, as are focused discussions between clinicians and patients either currently managed with or considering initiation of bisphosphonate treatment.
OVERSUPPRESSION OF BONE TURNOVER
Because bisphosphonates inhibit osteoclast activity, there has been some concern that prolonged bisphosphonate treatment leads to "frozen bone," characterized by oversuppression of bone remodeling, an impaired ability to repair skeletal microfractures, and increased skeletal fragility. Although increased rates of microfractures have been found in dogs treated with high doses of bisphosphonates, 124 this finding does not appear to be common among postmenopausal women with osteoporosis treated with either oral or IV bisphosphonate therapy, 22, 125 although isolated cases of severely suppressed bone turnover and associated fractures have been reported. 126, 127 Nonetheless, the optimal duration of bisphosphonate therapy for postmenopausal osteoporosis, and nearly all other conditions for which bisphosphonates are used, remains unclear.
HYPOCALCEMIA
Hypocalcemia after bisphosphonate administration most frequently follows IV infusion and can occur in patients with high rates of osteoclast-mediated bone resorption (such as in patients with either Paget disease of bone 128 or a substantial skeletal tumor burden 129 ), previously unrecognized hypoparathyroidism, 130 impaired renal function, or hypovitaminosis D before treatment. 131 Treatment is largely supportive, with calcium and vitamin D supplements as appropriate.
ACUTE INFLAMMATORY RESPONSE
Approximately 10% to 30% of patients receiving their first nitrogen-containing bisphosphonate infusion will experience an acute phase reaction, most commonly characterized by transient pyrexia with associated myalgias, arthralgias, headaches, and influenza-like symptoms. This rate declines by more than half with each subsequent infusion, such that a rate of 2.8% was found after the third infusion in the HORIZON trial.
14 The acute phase response is believed to be the result of proinflammatory cytokine production by peripheral blood γδ T cells. 132 Pretreatment with histamine receptor antagonists or antipyretics can reduce the inci- A relatively rare adverse effect of bisphosphonate therapy of which physicians should be aware is ocular inflammation (conjunctivitis, uveitis, episcleritis, and scleritis). This complication has been found to occur with both oral and IV bisphosphonate therapy. In the largest retrospective study to date, an incidence of approximately 0.1% was found in patients treated with oral risedronate. 133 Fortunately, ocular symptoms usually resolve within a few weeks after bisphosphonate discontinuation.
SEVERE MUSCULOSKELETAL PAIN
Although all oral and IV bisphosphonate preparations list musculoskeletal pain as a potential adverse effect in their prescribing information, the US FDA recently issued an alert highlighting the possibility of severe, incapacitating musculoskeletal pain that can occur at any point after initiation of bisphosphonate therapy. 134 This severe musculoskeletal pain was distinct from the acute phase response described previously. Fewer than 120 cases had been reported by late 2002 for alendronate and mid-2003 for risedronate in total.
135 At this time, both risk factors for and incidence of this adverse effect are unknown.
OTHER POTENTIAL COMPLICATIONS OF BISPHOSPHONATE THERAPY
Other complications associated with the use of oral and IV bisphosphonate therapies are well recognized. Esophageal irritation and erosion can occur with oral bisphosphonate therapy, particularly in patients with known gastroesophageal reflux disease or esophageal stricture. Strict maintenance of an upright posture for 30 to 60 minutes after ingestion with a full glass of water, depending on the oral bisphosphonate, and the use of weekly rather than daily preparations are both likely to limit the risk of adverse effects. For patients unable to tolerate oral bisphosphonates, IV preparations (as noted previously) are now FDA approved and not associated with gastroesophageal irritation.
Bisphosphonate doses and infusion rates should be adjusted for patients with moderate to severe renal insufficiency. If used in patients with creatine clearance values lower than 30 mL/min, bisphosphonates must be used cautiously. Particularly in patients who receive IV preparations, bisphosphonates can lead to rapid deterioration of renal function, 136, 137 likely because of their local accumulation in the kidney. For patients with renal insufficiency who receive IV bisphosphonate therapy, renal function both before and after drug administration should be determined. In patients with mild to moderate renal impairment, oral bisphosphonates rarely lead to further deterioration in renal function, likely because of their poor absorption across the gastrointestinal tract and thus limited short-term bioavailability.
UNRESOLVED QUESTIONS
Bisphosphonates have been and continue to be used for other conditions without an FDA-approved indication for therapy. As noted, these include various pediatric populations with low bone mass, incident fractures, and prolonged immobility. Many healthy premenopausal women with either radiographic osteopenia or osteoporosis without fractures and postmenopausal women with osteopenia but without fractures now receive bisphosphonate therapy. Until further studies address these important clinical questions, it is important to tell such patients that we currently lack sufficient data from well-controlled clinical trials to determine either benefits or risks assumed with these pharmacological interventions.
ROLE OF CALCIUM AND VITAMIN D
Despite the good intentions of many practitioners to limit fractures in their patients by instituting bisphosphonate therapy, the importance of assuring adequate vitamin D and calcium intake both before and after starting bisphosphate therapy is frequently overlooked. Hypovitaminosis D is common among many patient populations that are also prescribed bisphosphonate therapy and is particularly common among elderly patients who frequently have limited sun exposure, reduced dietary intake, or some renal impairment. This vitamin D insufficiency or deficiency limits dietary absorption of calcium, leading to secondary hyperparathyroidism and loss of skeletal calcium to maintain normocalcemia. Accordingly, among elderly women with osteoporosis, the persistence of secondary hyperparathyroidism blunted the increase in BMD in the lumbar spine in response to weekly alendronate. 138 Although currently available data offer no consensus on optimal serum levels of 25-hydroxyvitamin D, a level of 30 ng/mL (75 nmol/L) or more is generally considered to be adequate; vitamin D intoxication occurs only when levels are higher than 150 ng/mL (374 nmol/L). 139 For a more complete review of the role of vitamin D in maintenance of skeletal health and for recommendations for vitamin D replacement, please refer to the excellent recent review by Holick. 139 Although guidelines for the maintenance of optimal vitamin D levels have changed substantially as we appreciate that vitamin D insufficiency and deficiency affect a far greater proportion of the population than previously recognized, recommendations for optimal calcium intake have 
